Rolling bearings are frequently used machine elements in mechanical assemblies to connect rotating parts. Resource efficiency and reliability enhancement are considered to be important factors of rolling bearing development. One of the ways to meet these requirements is the tailored forming (TF) technology, which enables the functionalization of several metal layer composites in a single component. The so-called hybrid machine elements can be produced by co-extrusion of aluminum and steel and subsequent die forging, heat treatment, and machining. The TF rolling bearings made by this process can provide optimized characteristics that use aluminum to reduce weight and steel for a highly loaded contact zone between a rolling element and a bearing raceway. To evaluate the applicability and the potential of this technology, theoretical investigations are presented in this paper. The stress distribution under fully flooded conditions, caused by an external load in the contact between a rolling element and the TF outer ring of an angular contact ball bearing, is analyzed statically with the finite element method. The fatigue life of the TF component can be calculated for different external axial loads and manufacturing parameters, such as steel-to-aluminum volume ratios and osculation. As a damage model, the Ioannides and Harris fatigue model and the Dang Van multiaxial fatigue criterion were used. The results show that the fatigue life has high sensitivity to the steel-to-aluminum volume ratio. For the hybrid component with a steel layer thickness of 3 mm, 90 percent of the fatigue life of pure 100Cr6 steel bearing bushings is reached. In this FE model, residual stresses due to machining processes can be regarded as an initial state, which can increase the fatigue life of this TF machine component.
the present paper, a hybrid mechanical component made through the above process chain was investigated. A combination of aluminum as a bulk material, which reduces the weight, and steel in a highly loaded contact zone of a raceway was examined. In order to calculate the component stress distribution caused by an external load under fully flooded conditions, a linear elastic finite element analysis for static loads was performed. Statistically based and standardized fatigue life calculation approaches were used to predict the fatigue life. Simulations for various loadings and geometric conditions as well as those for exemplary residual stresses conditions were carried out.
A hybrid Angular Contact Ball Bearing Bushing
Rolling bearings are manufactured generally out of high-strength, hardened materials with very high surface quality. For fully flooded conditions, the highest tribological stress, which is responsible for RCF, occurs in a small material volume under the contact surface [8] . The basic design idea for the optimization of rolling elements is that hardened materials are used for highly loaded areas. This can be handled with a combination of different metallic materials through tailored forming (TF). However, the manufacturing of those mechanical elements may pose difficulties, because material properties can be changed due to structural changes or pore formation in heat-affected zones during the production of semifinished products [9] . To take on the challenge, a novel process chain was developed within the CRC 1153 via TF, with which a hybrid angular ball bearing bushing can be manufactured (see Figure Figure 1 ). Figure 1 . Process chain for the manufacture of a hybrid angular ball bearing bushing via tailored forming based on [10] .
First, a hybrid semifinished workpiece is manufactured by a joining process with two different metallic materials, in this case a high-strength case-hardened steel and an aluminum alloy. For this joining process, improved lateral angular co-extrusion (LACE) [11, 12] is used, whereby failures caused by contaminated blocks or by significantly low material temperature in extrusion presses can be avoided. Subsequently, the workpiece is formed by die forging. Heat treatment and machining are carried out to achieve required boundary zone properties for rolling bearing applications. Surfaces of hybrid machine elements can be optimized by surface finishing, which causes residual stresses near the surface [13, 14] .
In the present paper, a hybrid bearing bushing was investigated as one of the products manufactured in the above process chain. This hybrid bearing bushing was made from an aluminum alloy EN AW-6082 and a case-hardened steel 20MnCr5 (material number: 1.7147), which acted as the outer ring of an angular contact ball bearing. Detailed components of the hybrid angular contact ball bearing bushing are shown in Figure Figure 2 . First, a hybrid semifinished workpiece is manufactured by a joining process with two different metallic materials, in this case a high-strength case-hardened steel and an aluminum alloy. For this joining process, improved lateral angular co-extrusion (LACE) [11, 12] is used, whereby failures caused by contaminated blocks or by significantly low material temperature in extrusion presses can be avoided. Subsequently, the workpiece is formed by die forging. Heat treatment and machining are carried out to achieve required boundary zone properties for rolling bearing applications. Surfaces of hybrid machine elements can be optimized by surface finishing, which causes residual stresses near the surface [13, 14] .
In the present paper, a hybrid bearing bushing was investigated as one of the products manufactured in the above process chain. This hybrid bearing bushing was made from an aluminum alloy EN AW-6082 and a case-hardened steel 20MnCr5 (material number: 1.7147), which acted as the outer ring of an angular contact ball bearing. Detailed components of the hybrid angular contact ball bearing bushing are shown in Figure 2 . The 10 rolling elements and the inner ring were made of a classic bearing steel 100Cr6 (material number: 1.3505; AISI 52100) and were taken from a commercially available angular contact ball bearing type 7306 (main dimensions according to DIN 628-1), which have a contact angle of 40 degrees. It can be expected that this TF product provided optimized characteristics with regard to component weight and operational behavior by using locally adapted material properties.
Fatigue Life Calculation Based on the Ioannides-Harris Fatigue Life Model and the Dang Van Criterion
To predict the fatigue life of the hybrid bearing bushing, the fatigue life model of Ioannides and Harris [15] was used, which is a standard for fatigue life calculations according to DIN ISO 281 [16] . The Ioannides and Harris fatigue life model is based on the model of Lundberg and Palmgren [17] , in which the weakest link theory of the Weibull reliability [18] is applied. Lundberg and Palmgren provided the first theoretical basis for the formulation of a bearing life model considering a particular depth of the maximum orthogonal shear stress and a weak point in a material based on the Weibull theory. In order to overcome some limitations associated with the theory of Lundberg and Palmgren, Ioannides and Harris proposed that the stressed volume is divided into discrete volume elements with the assumption that each volume element has an own probability of failure. The maximum stress is calculated for each volume element and set into correlation with a stress-related fatigue criterion. The stress threshold for the material, below which failure does not occur, is additionally defined. Each element is weighted according to the depth below the surface, and the probability of survival is determined in terms of the integral of each volume element over the stressed volume, shown as follows [19] :
where is the probability of survival, is the loaded volume, and is the number of cycles. The dependence of the maximum shear stress ′, the stress fatigue limit , and the fatigue stress criterion on the material are taken into account. The term can be determined with a multiaxial fatigue criterion; in this investigation, the Dang Van criterion was chosen [20] , which was expressed as: The 10 rolling elements and the inner ring were made of a classic bearing steel 100Cr6 (material number: 1.3505; AISI 52100) and were taken from a commercially available angular contact ball bearing type 7306 (main dimensions according to DIN 628-1), which have a contact angle of 40 degrees. It can be expected that this TF product provided optimized characteristics with regard to component weight and operational behavior by using locally adapted material properties.
where S is the probability of survival, V is the loaded volume, and N is the number of cycles. The dependence of the maximum shear stress z , the stress fatigue limit τ u , and the fatigue stress criterion τ i on the material are taken into account. The term τ i can be determined with a multiaxial fatigue criterion; in this investigation, the Dang Van criterion was chosen [20] , which was expressed as:
where τ O,max is the maximum orthogonal shear stress and the constant k hyd depends on the material properties, which are taken into account. Here, k hyd was calculated in accordance with [21] and had a value of 0.23. According to the Dang Van criterion, the local hydrostatic pressure p hyd was obtained from finite element analysis and was modified by residual stresses. To calculate the fatigue life of the hybrid angular contact ball bearing, the respective material properties of the aluminum alloy and the case-hardened steel are given in Table 1 . The material properties of the bearing steel were defined based on DIN ISO 281 [22] , which can be improved through surface finishing processes such as induction and quenching [23, 24] . Since the S-N curves, which describe the relation between cyclic stress amplitude and number of cycles to failure (Wöhler curves), for the case-hardened steel and the aluminum alloy have not yet been specified for very high load cycles, each fatigue limit value was estimated with reference to [25] . Here, the cycle fatigue strength and the damage mechanisms of the steel alloy 42CrMo4 and the aluminum alloy EN AW-6082 with high load cycles were investigated experimentally and numerically.
Modeling of the Hybrid Angular Contact Ball Bearing Bushing Based on Finite Element Method
In order to calculate the fatigue life of this hybrid component, a three-dimensional (3D) finite element (FE) model was set up in Ansys Mechanical APDL consisting of the hybrid bearing bushing, the rolling element, and the inner ring (see Figure 3 ). 
where , is the maximum orthogonal shear stress and the constant depends on the material properties, which are taken into account. Here, was calculated in accordance with [21] and had a value of 0.23. According to the Dang Van criterion, the local hydrostatic pressure was obtained from finite element analysis and was modified by residual stresses. To calculate the fatigue life of the hybrid angular contact ball bearing, the respective material properties of the aluminum alloy and the case-hardened steel are given in Table Error The material properties of the bearing steel were defined based on DIN ISO 281 [22] , which can be improved through surface finishing processes such as induction and quenching [23, 24] . Since the S-N curves, which describe the relation between cyclic stress amplitude and number of cycles to failure (Wöhler curves), for the case-hardened steel and the aluminum alloy have not yet been specified for very high load cycles, each fatigue limit value was estimated with reference to [25] . Here, the cycle fatigue strength and the damage mechanisms of the steel alloy 42CrMo4 and the aluminum alloy EN AW-6082 with high load cycles were investigated experimentally and numerically. For an efficient simulation process, only one contact spot was modeled in a multibody simulation consisting of 36° wide ring segments and a complete rolling element. Three different material properties for each aforementioned material were incorporated in the FE model. For the 3D modeling of all solid structures, an eight-node element (type SOLID185) was used. With this element, volumetric strains at the Gaussian integration points were replaced by an average volumetric strain of the elements (selective reduced integration method). In the loaded zone subject to the rolling contact stress, bending of the volume elements was not expected, so the shear locking modes can be neglected. All the supporting volumes, which were not relevant for the determination of the fatigue life, were free meshed with tetrahedral element geometry. The loaded volume, where the maximum of equivalent and hydrostatic stress occurred, and the areas, where the residual stresses were present, For an efficient simulation process, only one contact spot was modeled in a multibody simulation consisting of 36 • wide ring segments and a complete rolling element. Three different material properties for each aforementioned material were incorporated in the FE model. For the 3D modeling of all solid structures, an eight-node element (type SOLID185) was used. With this element, volumetric strains at the Gaussian integration points were replaced by an average volumetric strain of the elements (selective reduced integration method). In the loaded zone subject to the rolling contact stress, bending of the volume elements was not expected, so the shear locking modes can be neglected. All the supporting volumes, which were not relevant for the determination of the fatigue life, were free meshed with tetrahedral element geometry. The loaded volume, where the maximum of equivalent and hydrostatic stress occurred, and the areas, where the residual stresses were present, were discretized with a mapped mesh with an element size of 38 µm × 20 µm × 17 µm (length × width × height), as shown in Figure 3 . To configure the contact pair, it was necessary to make sure that the contact was set up as a flexible-flexible contact between the rolling element and the inner or outer ring, where the elasticities were adjusted in accordance with the different materials. In addition, the contact pair was defined as a surface-surface contact, in which a contact and a target surface must be set. The contact elements were located on the contact surface of the rolling element, which had four nodes without middle nodes (type CONTA173). For the target surface of the bearing bushing and the inner ring, type TARGE170 was chosen, which had three nodes without middle nodes. In addition, a coefficient of friction µ of 0.015 was assumed in order to represent the fully flooded condition [26, 27] . The augmented Lagrange method was used to solve nonlinear contact problems. This parametric FE model enables simulative investigations to be performed with variations of local geometries, such as layer height of the steel or external loads. The locally discretized orthogonal shear stresses, hydrostatic stresses, and equivalent stresses in the contact zone are the main simulation results, which were transferred to a Matlab routine. According to the fatigue life model, the fatigue life was defined as the time until an initial failure occurs (Equation (1)).
The steel layer thickness h was varied between 0.5 mm and 4.5 mm, which corresponded to the layer thickness of the manufactured hybrid bearing bushing (see Table 2 ). The fatigue life was furthermore calculated for full steel components made only out of 100Cr6, which in the following corresponded to the case of h = 100Cr6. Because of the difference in layer thickness along the surface of the hybrid bearing bushing due to manufacturing, the parameter h was defined as the perpendicular distance between the contact point of the rolling element/hybrid bearing bushing and the interlayer of the steel and the aluminum (see Figure 4 ). were discretized with a mapped mesh with an element size of 38 μm × 20 μm × 17 μm (length × width × height), as shown in Figure 3 . To configure the contact pair, it was necessary to make sure that the contact was set up as a flexible-flexible contact between the rolling element and the inner or outer ring, where the elasticities were adjusted in accordance with the different materials. In addition, the contact pair was defined as a surface-surface contact, in which a contact and a target surface must be set. The contact elements were located on the contact surface of the rolling element, which had four nodes without middle nodes (type CONTA173). For the target surface of the bearing bushing and the inner ring, type TARGE170 was chosen, which had three nodes without middle nodes. In addition, a coefficient of friction μ of 0.015 was assumed in order to represent the fully flooded condition [26, 27] . The augmented Lagrange method was used to solve nonlinear contact problems. This parametric FE model enables simulative investigations to be performed with variations of local geometries, such as layer height of the steel or external loads. The locally discretized orthogonal shear stresses, hydrostatic stresses, and equivalent stresses in the contact zone are the main simulation results, which were transferred to a Matlab routine. According to the fatigue life model, the fatigue life was defined as the time until an initial failure occurs (Equation (1)). The steel layer thickness ℎ was varied between 0.5 mm and 4.5 mm, which corresponded to the layer thickness of the manufactured hybrid bearing bushing (see Table 2 ). The fatigue life was furthermore calculated for full steel components made only out of 100Cr6, which in the following corresponded to the case of ℎ 100Cr6. Because of the difference in layer thickness along the surface of the hybrid bearing bushing due to manufacturing, the parameter h was defined as the perpendicular distance between the contact point of the rolling element/hybrid bearing bushing and the interlayer of the steel and the aluminum (see Figure 4 ). An additional variation of the axial load was carried out, varying from 8.9 to 15 kN on the shoulder of the inner ring, as shown in Figure 4 , in which the ratio of a basic dynamic load rating An additional variation of the axial load F a was carried out, varying from 8.9 to 15 kN on the shoulder of the inner ring, as shown in Figure 4 , in which the ratio of a basic dynamic load rating C to an equivalent dynamic bearing load P was considered. These load values were considered high to very high for a conventional angular contact ball bearing under rotating operating conditions. The different Lubricants 2019, 7, 109 6 of 10 residual stress depth profiles induced by the manufacturing process were measured (see Figure 5 ) and applied to the simulation model as initial stresses. 
Results
In Figure 6 , the distribution of equivalent stresses on the contact zone is plotted for different steel layer thicknesses and a constant axial load of 8.9 kN. With increasing steel layer thickness h, a decrease of the maximum equivalent stress, which can play a dominant role in subsurface fatigue nucleation [28] , was observed. The maximum equivalent stress was reduced by about 0.16 GPa, from 1.25 GPa to 1.09 GPa, which can lead to an increase in the fatigue life. Residual stresses, which were induced after deep rolling (see Figure 5a) , can lead to a further reduction of the maximum equivalent stress. Figure 7 shows that the stress level in the contact zone decreased due to residual stresses. This in turn increased the fatigue life of the component according to the underlying fatigue life approach. 
In Figure 6 , the distribution of equivalent stresses on the contact zone is plotted for different steel layer thicknesses and a constant axial load of 8.9 kN. 
In Figure 6 , the distribution of equivalent stresses on the contact zone is plotted for different steel layer thicknesses and a constant axial load of 8.9 kN. With increasing steel layer thickness h, a decrease of the maximum equivalent stress, which can play a dominant role in subsurface fatigue nucleation [28] , was observed. The maximum equivalent stress was reduced by about 0.16 GPa, from 1.25 GPa to 1.09 GPa, which can lead to an increase in the fatigue life. Residual stresses, which were induced after deep rolling (see Figure 5a) , can lead to a further reduction of the maximum equivalent stress. Figure 7 shows that the stress level in the contact zone decreased due to residual stresses. This in turn increased the fatigue life of the component according to the underlying fatigue life approach. With increasing steel layer thickness h, a decrease of the maximum equivalent stress, which can play a dominant role in subsurface fatigue nucleation [28] , was observed. The maximum equivalent stress was reduced by about 0.16 GPa, from 1.25 GPa to 1.09 GPa, which can lead to an increase in the fatigue life. Residual stresses, which were induced after deep rolling (see Figure 5a ), can lead to a further reduction of the maximum equivalent stress. Figure 7 shows that the stress level in the contact zone decreased due to residual stresses. This in turn increased the fatigue life of the component according to the underlying fatigue life approach. play a dominant role in subsurface fatigue nucleation [28] , was observed. The maximum equivalent stress was reduced by about 0.16 GPa, from 1.25 GPa to 1.09 GPa, which can lead to an increase in the fatigue life. Residual stresses, which were induced after deep rolling (see Figure 5a) , can lead to a further reduction of the maximum equivalent stress. Figure 7 shows that the stress level in the contact zone decreased due to residual stresses. This in turn increased the fatigue life of the component according to the underlying fatigue life approach. The stress values in the contact zone after each simulation were used for the fatigue life calculation using a Matlab routine. The fatigue life can be expressed by nominal bearing life L 10 in millions of revolutions, which is the service life associated with 90% reliability (probability of survival) [16] . The standard applies to a single bearing or a set of apparently identical bearings used under the same operating conditions. Figure 8 shows the nominal fatigue life L 10 of the hybrid bearing bushing due to the variation of the parameters in Table 2 . The stress values in the contact zone after each simulation were used for the fatigue life calculation using a Matlab routine. The fatigue life can be expressed by nominal bearing life in millions of revolutions, which is the service life associated with 90% reliability (probability of survival) [16] . The standard applies to a single bearing or a set of apparently identical bearings used under the same operating conditions. Figure 8 shows the nominal fatigue life of the hybrid bearing bushing due to the variation of the parameters in Table 2 . (number of revolutions that 90% of the bearings will complete or exceed before fatigue is expected to occur) as a function of external load and steel layer thickness considering residual stresses.
Here, it was observed that the fatigue life was extended by considering the residual stress state up to two times. For the hybrid bearing bushing, the fatigue life increased with the steel layer thickness to an extent that depended on external loads and material properties. The additional influence of residual stresses on bearing fatigue life was investigated in previous studies, which supported the hypothesis of an extension of fatigue life by means of a beneficial residual stress state [29] [30] [31] . The slope of the fatigue life curve changed more (referred to as "sensitivity" in this paper), when the axial force was lower, and residual stresses were taken into account. In the range of the steel layer thickness ℎ from 0.5 mm to 2.5 mm, the fatigue life of the hybrid bearing bushing was sensitive to the variation in the thickness of the steel layer. In the case of low thicknesses of the steel layer, the material volume was subjected to a higher rolling contact stress, which is shown in Figure  9 . Here, it was observed that the fatigue life was extended by considering the residual stress state up to two times. For the hybrid bearing bushing, the fatigue life increased with the steel layer thickness to an extent that depended on external loads and material properties. The additional influence of residual stresses on bearing fatigue life was investigated in previous studies, which supported the hypothesis of an extension of fatigue life by means of a beneficial residual stress state [29] [30] [31] . The slope of the fatigue life curve changed more (referred to as "sensitivity" in this paper), when the axial force was lower, and residual stresses were taken into account. In the range of the steel layer thickness h from 0.5 mm to 2.5 mm, the fatigue life of the hybrid bearing bushing was sensitive to the variation in the thickness of the steel layer. In the case of low thicknesses of the steel layer, the material volume was subjected to a higher rolling contact stress, which is shown in Figure 9 .
At lower thicknesses of the steel layer, a volume with high damage risk in the aluminum layer of the hybrid bearing bushing can be observed (grayed out), because the stress exceeded the material the specific fatigue limit of the aluminum alloy. For h = 4.5 mm, it can be seen that the equivalent stress distribution due to an external load of 8.9 kN in the aluminum alloy was not critical for the fatigue life of this material. However, the elastic deformation behavior of the hybrid bearing bushing occurred at different positions due to the variation of the steel layer thickness; in addition to the risk caused by the loaded tribological contact zone, this can lead to a reduction of the probability of survival of this hybrid component.
thickness to an extent that depended on external loads and material properties. The additional influence of residual stresses on bearing fatigue life was investigated in previous studies, which supported the hypothesis of an extension of fatigue life by means of a beneficial residual stress state [29] [30] [31] . The slope of the fatigue life curve changed more (referred to as "sensitivity" in this paper), when the axial force was lower, and residual stresses were taken into account. In the range of the steel layer thickness ℎ from 0.5 mm to 2.5 mm, the fatigue life of the hybrid bearing bushing was sensitive to the variation in the thickness of the steel layer. In the case of low thicknesses of the steel layer, the material volume was subjected to a higher rolling contact stress, which is shown in Figure  9 . With regards to the focus of this investigation, which was set on the higher material thickness values h of 2.0 mm, Figure 10 shows the ratio of the fatigue life of the hybrid component in dependence on the variation in steel layer thickness to the fatigue life of the steel bearing bushing. aluminum layer of the hybrid bearing bushing can be observed (grayed out), because the stress exceeded the material the specific fatigue limit of the aluminum alloy. For h = 4.5 mm, it can be seen that the equivalent stress distribution due to an external load of 8.9 kN in the aluminum alloy was not critical for the fatigue life of this material. However, the elastic deformation behavior of the hybrid bearing bushing occurred at different positions due to the variation of the steel layer thickness; in addition to the risk caused by the loaded tribological contact zone, this can lead to a reduction of the probability of survival of this hybrid component. With regards to the focus of this investigation, which was set on the higher material thickness values ℎ of 2.0 mm, Figure 10 shows the ratio of the fatigue life of the hybrid component in dependence on the variation in steel layer thickness to the fatigue life of the steel bearing bushing. In the case of a constant axial load of 11.8 kN with residual stress, the fatigue life of the hybrid bearing bushing can reach 90% of the steel bearing bushing L10 with a steel layer thickness ℎ of only 2.4 mm. This corresponds to a weight reduction of 45% compared to that of the steel component ( 1.282 kg). Assuming no residual stresses, 90% of the fatigue life of the steel bearing busing can be reached with a steel layer thickness h of 3.0 mm.
Conclusion and Future Work
In the present paper, a theoretical investigation of a hybrid bearing bushing manufactured in the framework of the CRC 1153 was presented. The Ioannides and Harris fatigue life model and the Dang Van multiaxial critical criterion was used for the fatigue life calculation by means of a 3D FE simulation depending on various parameters. The results of the investigation showed that the fatigue life of the hybrid bearing bushing significantly depended on the production parameters. The results of this investigation showed that the fatigue life of the bearing bushing was sensitive to the following parameters:
1. steel layer thickness (for low ℎ values); 2. external load (for low values); 3. compressive residual stresses (if they were considered).
External load, steel layer thickness, and residual stress play dominant roles in the location of the In the case of a constant axial load of 11.8 kN with residual stress, the fatigue life of the hybrid bearing bushing can reach 90% of the steel bearing bushing L 10 with a steel layer thickness h of only 2.4 mm. This corresponds to a weight reduction of 45% compared to that of the steel component (m 100Cr6 = 1.282 kg). Assuming no residual stresses, 90% of the fatigue life of the steel bearing busing can be reached with a steel layer thickness h of 3.0 mm.
Conclusions and Future Work
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steel layer thickness (for low h values); 2.
external load (for low F values); 3.
compressive residual stresses (if they were considered).
External load, steel layer thickness, and residual stress play dominant roles in the location of the maximum material stress. As shown in Figure 9 , the steel cladding acted as a stress shield for the aluminum layer and increased the fatigue life of hybrid components. With these results, it can be assumed that the fatigue life of the hybrid bearing bushing changes more considerably if the maximum of the equivalent stress is located closer to the contact surface. Therefore, it can be assumed that the fatigue life of the hybrid bearing bushing is sensitive to the location of the maximum reference stress. This investigation provides important basics for the design of hybrid components according to specified requirements.
In order to calculate the fatigue life of this TF component, the FE model can be modified in detail by the submodel technique, so that the influence of the interlayer between the case-hardened steel and the aluminum alloy can be taken into account. It will be also necessary to examine the fatigue limit stresses for the aluminum alloy and the case-hardened steel. In addition, an experimental validation is required at a component level of the calculated fatigue life.
